The transcription of ribosomal RNA has been studied in suspension tissue cultures of soybean Gycuie max L. Meff cv. Mandarin ceUls (SB-I).
transfer from maltose to sucrose, cells began to accumulate ribosomes at a rapid rate (80-fold more rapid synthesis than in maltose medium) within 2 hours at 33°C. The 2-hour lag is due in large part to a longer processing time during which newly synthesized RNA is packaged into ribosomes. Therefore, the increase in transcription rate may occur within a few miniutes of the transfer to sucrose.
In bacteria and yeast, the number of ribosomes per cell is directly proportional to growth rate (5, 6, 17, 18) . This is reasonable since the number of ribosomes determine the rate of protein synthesis.
The ability to grow plant cells in suspension cultures presents an opportunity to study the ribosome content of plant cells growing at different rates and to determine how RNA synthesis is adjusted when cells are transferred from slow to rapid growth conditions. Such a study was made feasible by the availability of soybean cell suspension cultures which grow exponentially: rapidly in sucrose medium with a 1-day doubling time; and slowly in maltose medium (in which maltose replaces sucrose as an energy-carbon source) with an 8-day doubling time. The slow growth in maltose has been shown to be the result of a permeability barrier which inhibits the uptake of maltose (8) . Heritable variants which grow rapidly in maltose medium are also available (8) as are cell lines in which the number of ribosomal genes has been reduced.
In addition, a A Charon4A library (4) of soybean genes had been constructed and, as a result, clones of ribosomal genes were available. Using such clones, it was possible to determine the characteristics of rRNA transcription leading to a rRNA precursor. This in turn was used to determine the time required to 'Supported by Grant process the precursor RNA into ribosomes.
From the studies described below, we have determined that soybean cells vary their rRNA content in response to growth conditions similar to bacteria or yeast.
MATERIALS AND METHODS Cell Lines and Growth. SB-I cells derived from roots of Glycine max L. Merr., cv Mandarin were provided by Dr. 0. L. Gamborg. The M-24 cell line was derived from SB-1 in this laboratory (8) . At 33°C, SB-1 grows exponentially with a 24-h doubling time in sucrose. M-24 grows with a doubling time of 22 h in maltose or sucrose. When SB-1 cglls are grown in maltose, they lose 30%o of their rRNA cistrons (rDNA) (4) and divide every 200 h (8) . Upon return to sucrose, the number of RNA genes does not increase again; however, the cells divide every 24 h. We refer to such cells, which have permanently lost a portion of rRNA genes after propagation in maltose medium, as the M-200 cell line. (M-24 cells were selected after slow growth in maltose and also lack 30%Yo rRNA cistrons.) The growth rates of these cell lines are summarized in Table I. Murashige-Skoog media were obtained from Flow Laboratories Inc., Inglewood, CA (2, 10) . Conditions for cell growth have been described previously as well as the packed volume method for measuring cell growth rates (1, 2 ). This suspension was passed through a handheld homogenizer (VWR Scientific Co., Salt Lake City, UT) directly into an 80% (v/v) solution of cold phenol in the same buffer. The homogenate was extracted with phenol at 4°C for 1 h. The two phases were separated by centrifugation and the aqueous layer collected. Two and one-half volumes ice-cold 95% ethanol were added. RNA was allowed to precipitate overnight and collected by centrifugation. The RNA pellet was redissolved in sterile, ice-cold buffer (50 mm Tris-HCl [pH 7.5], 0.15 M NaCl, 25 mm Na2EDTA) and the flask in which the RNA was precipitated was washed extensively to remove up to 60%1o RNA found to be adhering to the walls of the flask. The RNA was stored at -20°C. No degradation could be detected over a period of months. In all experiments, a yield of 80 to 83% of the total cellular RNA was obtained.
Isolation of Ribosomes and Extraction of rRNA. Fifty ml exponentially growing SB-1 cells at a concentration of 106 cells/ml were collected by centrifugation at lOOg for 1 min. The cell pellet was resuspended in 50 ml sterile, ice-cold, 0.5 M sucrose solution containing 5 mM MgCl2, 16 mm KCI, and 50 mM Tris-HCl (pH 7.6). This suspension was passed through a hand-held homogenizer. Twelve ml ice-cold 20%1o (v/v) Triton X-100 was added and the homogenate centrifuged at 25,000g for 10 min. The supernatant was collected and centrifuged at 4°C for 90 min at 105,000g to sediment the ribosomes (conditions which sediment >90o of the ribosomes). Taking care to avoid resuspension, the ribosomal pellet was washed with 5 ml solution containing 0.5 M sucrose, 5 mm MgCl2, 16 mM KCI, and 50 mm Tris-HCl (pH 7.6). The ribosomes were then resuspended in 2 ml solution containing 3 mM MgCl2, 0.5 M KC1, 10 mm Tris-HCl (pH 7.4), and then loaded onto sucrose step gradients consisting of equal volumes (bottom to top) of 34, 29, 24, 19, 14, and 10%1o sucrose solutions containing 3 mM MgCl2, 0.5 M KCI, and 10 mM Tris-HCl (pH 7.4). The gradients were centrifuged in a Beckman SW 41 rotor at 20,000 rpm for 17 h at 0°C. Fractions were collected from the gradients into ice-cold, sterile tubes, and assayed for the presence of RNA. The appropriate fractions were resuspended in a solution of 50 mM Tris-HCl (pH 7.2) containing 0.1 M NaCl and 2.5 mm Na2EDTA and extracted with phenol to obtain RNA.
Gradient Centrifugation ofrRNA. protoplasts (14) . No more than 4 x 107/ml protoplasts were suspended in 3 ml ice-cold solution containing 0.26 M sucrose, 12.5 jig/ml DTT, 0.4 pi/ml 2-ethyl-1-hexanol, and 200,ug/ml Mes buffer (Sigma Chemical Co.), then adjusted to a pH of 6.4 with NaOH. After 1 min, 1 ml 0.2% (v/v) Triton X-100 dissolved in the same solution was added and the suspension was shaken vigorously. After 2 min at 0°C, 4 ml RS-KCI buffer (0.2 M sucrose, 12.5 mm Mes, 0.025 mg/ml DTT, 0.08% 2-ethyl-l-hexanol, 12.5 mM KCI, pH adjusted to 6.4 with NaOH) was added to the suspension. Nuclei were then purified by repeated centrifugation through gum arabic step gradients (2) . Following the second centrifugation, the nuclear pellet was resuspended in 1 ml sterile DNA from A Charon 4A-RB115. A A clone of the SB-l rRNA cistron (RB 115) has been used. Its isolation in this laboratory is described elsewhere (4). The structure of the clone is shown in Figure 4 . DNA from the clone was prepared as follows. Figure 1 (gradient fractions greater than 30S) were collected. This RNA hybridized to Bgl I DNA restriction fragments from both 18S and 25S rRNA structural genes (Fig. 2a) . Hybridization of this same RNA to rDNA fragments in the presence of an excess of unlabeled 18S rRNA resulted in a specific hybridization pattern [3H] uridine was extracted from the cells described. Extracted RNA was sedimented through a 10%o to 30%Yo sucrose gradient in NETS buffer as described under "Materials and Methods" and the amount of RNA determined for each fraction of the gradient. The total amount of rRNA in the 18S and 25S fractions of the gradients were utilized to determine the number of ribosomes present. The amount of TCA-precipitable tritium lost during the extraction procedure was utilized to determine the loss of RNA during extraction. These values were considered when determining the ribosomal content of the cells. Cell generation times were determined by measuring changes in packed cell volume.
Cell Variety
Carbon Source
Genera-Ribosomes characteristic of 25S rDNA sequences (Fig. 2b) , while hybridization in the presence of a large excess of unlabeled 25S rRNA results in hybridization to fragments (2.4 and 1.8 kilobases) characteristic of 18S rDNA sequences (Fig. 2c) . Since this RNA fraction hybridizes to both 18 and 25S rDNA sequences, it must contain a common precursor of these rRNAs similar to the 40S RNA precursor described for other eukaryotic systems (3, 7, 9, 13 (Fig. 2, d and e) and lies within the large DNA spacer sequence. The result in Figure 2a indicates that the RNA from the precursor fractions in the experiment in Figure 1 DNA strands of phage A can be separated by equilibrium centrifugation in alkaline CsCl. To determine which rDNA strand is used for transcription, the two strands of Charon 4A-RB 1 15 were separated in CsCl. The fractions of the gradients were assayed for the presence of DNA and a mixture of 3 P radioactive labeled 18S plus 25S rRNAs was then hybridized to each of the different fractions. Radioactive cloned DNA fragments of Charon 4A-RB 115 also were hybridized to fractions from another identical gradient. Figure 3 indicates that the rDNA fragments from Charon 4A-RB1 15 hybridize to both DNA strands, but the 18S and 25S rRNAs hybridize to only the light DNA strand. This indicates that both rRNAs are transcribed from one strand. From the polarity of the two strands of A DNA (19) and the structure of Charon 4A-RB115, it was possible to assign a polarity to the rDNA sequences (Fig. 4) . The larger, nontranscribed, spacer sequence lies to the 3'-side of the 18S gene (with respect to the transcribed DNA strand). RNA polymerase reads the DNA coding strand in the 3' to 5' direction as it synthesizes RNA in 5' to 3' direction. Transcription must begin at the 5'-end of the nontranscribed spacer region. This suggests that the RNA promoter for transcribing the rDNA sequences is probably located within the nontranscribed spacer region between a Bgl I cleavage site Eco RI mark the recognition sites of these enzymes in the DNA sequence (4) . This clone is available to anyone on request.
close to the 18S structural gene and the beginning of the 18S structural sequence (see Fig. 4 ). Therefore, the 18S gene should be the first sequence transcribed during synthesis of the rRNA precursor molecule, as is observed in other organisms (3, 1 1) . Rates of rRNA Synthesis during Rapid and Slow Growth. The number of ribosomes within each cell is determined by the ribosome synthesis and degradation rates and the division rate of the cells. If the degradation rate is slow compared to the synthesis rate, the number ofribosomes per cell will be determined primarily by the rates of ribosomal synthesis and of cell division. After transfer from maltose into sucrose, SB-I cells resume a 24-h doubling time and the first cell division occurs almost synchronously, 26 h following this transfer (data not shown). To Figure 6 indicate that radioactive rRNA is first found in the ribosomes 30 to 45 min after addition of 3P label (Fig. 6c) . This represents the time required to process newly synthesized rRNA into ribosomes.
A similar experiment began with M-200 cells growing in maltose medium. These were transferred to medium containing sucrose in which [32P]phosphate also was present for the first 30 min. The cells were then transferred to nonradioactive high phosphate sucrose medium. Again, ribosomes were isolated from cells after different periods of time and the RNA from these was sedimented through 15 to 30%o sucrose gradients (Fig. 7) . The gradient profiles indicate that radioactive rRNA is first detected in ribosomes 90 min (Fig. 7c) The data in Figures 1 to 4 suggest that a precursor molecule is synthesized by transcribing the 18 and 25S structural genes together with an intervening 0.6-kilobase (or smaller) spacer. Transcription, as in other systems appears to begin with the 18S gene and proceed through the 25S gene (Fig. 5) than one transcript is synthesized per cistron at any moment.) If this is the case, cistrons which are normally not transcribed will become active within minutes of adding sucrose. An alternative regulatory mechanism could be that the rate of RNA chain elongation is 50 to 100 times slower in maltose medium than in sucrose. In either case, the soybean suspension culture system presents an ideal opportunity to study regulation of transcription in plants, an opportunity which we are currently pursuing.
